CdSe nanocrystals ͑NCs͒ have been decorated on single-walled carbon nanotubes ͑SWCNTs͒ by combining a method of chemically modified substrate along with gate-bias control. CdSe/ ZnS core/shell quantum dots were negatively charged by adding mercaptoacetic acid. The silicon oxide substrate was decorated by octadecyltrichlorosilane and converted to hydrophobic surface. The negatively charged CdSe NCs were adsorbed on the SWCNT surface by applying a negative gate bias. The measured photocurrent clearly demonstrates that CdSe NCs decorated SWCNT can be used for photodetector and solar cell that are operable over a wide range of wavelengths. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2944813͔
While this chemical approach is simple and has a great potential for the application of optoelectronic devices, the fabrication of highly sensitive devices is still challenging due to the agglomeration of NCs on the bundled SWCNTs. 12 Another difficulty arises from an inevitable use of e-beam lithography to fabricate the individual NC-SWCNT devices.
The purpose of this paper is twofold: ͑i͒ to demonstrate the use of gate modulation of a SWCNT-field effect transistor ͑FET͒ to locally decorate the SWCNT wall with NCs and ͑ii͒ to demonstrate the hybridized SWCNT/NCs as a sensitive photodetector that works in the visible wavelength at room temperature. In this report, the negatively charged CdSe NCs were attached to the individual SWCNTs grown by chemical vapor deposition ͑CVD͒. The NC solution was dropped by using a micropipette on a patterned substrate with positively charged channel of SWCNT-FET that was controlled by applying a negative gate bias to the SWCNT-FET. This approach is a simple and straightforward method to immobilize the NCs on individual SWCNTs and for direct application in a highly sensitive photodetector.
Trioctyl phosphine oxide ͑TOPO͒-coated CdSe/ ZnS NCs were synthesized by a rapid injection of dimethylcadmium and TOP͑trioxtyl phosphine͒-selenide precursors in a hot TOPO using methods previously described. 13, 14 The surface ligands of CdSe NCs have been exchanged using mercaptoacetic acid ͑MAA͒ to give a negative surface charge following the previous report with minor modifications. 15 Then, 10 mg of NCs dispersed in 1 ml of toluene was injected into 10 ml of MAA/toluene solution ͑typically 20 mmol of MAA͒ drop by drop at a rate of 1 ml/ h and heated at 100°C for 3 h with stirring and, as a consequence, the MAA ligands were attached on the quantum dots that became water soluble. The MAA-capped NCs were repeatedly washed more than three times by chloroform and centrifugation to remove excess MAA. They were then redispersed in ␣ · ␣ · ␣-tris ͑hydroxyl methyl͒ methyl amine buffer solution at pH = 9, resulting in negatively charged CdSe/ ZnS NCs in water. The SWCNT-FET was fabricated on a p-doped silicon substrate with an oxide thickness of 400 nm. Standard optical photolithography has been employed to generate circular patterns of catalysts ͑Fe͒ at the desired locations. 16 Individual SWCNTs were synthesized by thermal CVD at 900°C for 10 min, using a gas mixture of hydrogen and methane under atmospheric pressure. The second photolithography step produced large contact pads on the patterned catalysts that served as a drain and source during subsequent characterization. For these electrodes, a Cr/ Au ͑10/ 20 nm͒ layer was deposited by the thermal evaporator at a vacuum pressure of ϳ10 into a hexane solution ͑3 ml͒ containing 0.3 ml of 1-dodecanethiol for 30 min and followed by rinsing with hexane, giving the 1-dodecanethiol coated gold electrodes. This substrate was then dipped into a mixture of hexane ͑3 ml͒ and OTS ͑0.3 ml͒ for 30 min and baked at 120°C for 30 min, followed by washing with hexane. This process resulted in the silicon dioxide substrate transforming into a hydrophobic surface. The NCs were then dropped on the SWCNT-FET, while a gate bias of −10 V was applied via a back gate for 10 min, and subsequently the substrate was washed with de-ionized water ͓Fig. 1͑a͔͒. A confocal laser scanning microscope ͑Witec, alpha-SNOM͒, Nd-YAG ͑neodymium-doped yttrium aluminum garnet͒ laser with 532 nm wavelength͒ was used for identifying the presence of NCs. The collected luminescence signal was analyzed by a 30 cm single monochromator and charge-coupled device detector. The absorption spectroscopy was done by focusing a normal Xenon lamp ͑450 W͒ with a monochromator ͑grating range: 200-1500 nm͒ onto the active channel of NCs-SWCNT-FET. The photocurrent from the NCs-SWCNT-FET was measured and normalized by the light intensity using two lock-in amplifiers. All measurements were performed in ambient condition at room temperature.
The fabricated CNT-FET electrode arrays were located on a 1ϫ 1 cm 2 substrate, as shown in Fig. 1͑b͒ . These arrays consisted of ten pairs of electrodes connected by either isolated or a random SWCNT network between the electrodes with a gap of 3 m. Field-emission scanning electron microscope ͑FE-SEM͒ images were observed after decoration of CdSe NCs ͓Figs. 1͑c͒ and 1͑d͔͒. We visually confirmed the selective decoration of nanotubes with CdSe NCs using the random network of CNTs ͓Fig. 1͑d͔͒ which is a black circle in Fig. 1͑b͒ . The bright dotted CdSe NCs were decorated on the nanotube surface. The Au electrode surface also indicated the presence of CdSe NCs ͓Fig. 1͑d͔͒. The negatively charged NCs were selectively attached on a positively charged SWCNT that was induced by the negative gate bias. It is of note that without the gate bias, CdSe NCs were not attached on the nanotube surface. This validates the effectiveness of our combined chemical modification and gatebias method.
Because an isolated SWCNT is an effective conducting channel that promotes the charge transfer from NCs, we selected an isolated individual SWCNT channel in Fig. 1͑c͒ which is a white circled channel in Fig. 1͑b͒ . The NC particles are presumably attached on the SWCNT surface. However, they were are not visible in SEM images due to the poor resolution, which is also related to the different charging state from random network SWCNTs. Figure 2 shows I-V curves of this individual CNT channel before decoration of the CdSe NCs. The resistance was relatively high, suggesting high contact resistance. As a function of gate voltage, the source-drain current clearly revealed gate modulation and hence the SWCNT is semiconducting and p type. Figure 3͑a͒ shows the photoluminescence from the channel of the CdSe NC-decorated SWCNT from Fig. 1͑c͒ with a clear peak position at 613 nm. The inset shows a confocal laser scanning microscopic image of the channel area. The luminescence from the SWCNT and Au electrode is clearly observed, in good agreement with the physical presence of CdSe NCs on the SWCNT and Au electrodes from SEM images in Fig. 1 . The absorption spectra are shown in Fig.  3͑b͒ . The peak appeared near 605 nm at a pH of 9. The pH was chosen to maximize the negative charges on the CdSe NCs and this peak position was the same for NCs in toluene. Both factors indicate that the optical properties of CdSe NCs were not altered from the surface modification. The inset shows that the CdSe/ ZnS nanoparticles had high crystallinity with a typical size of 7 nm. One may extract the diameter of CdSe from a band calculation using an effective mass approximation. [17] [18] [19] The PL transition energy after a correction of exciton binding energy is equivalent to our observed FIG. 1. ͑Color online͒ The fabricated CdSe NC-SWCNT-FET: ͑a͒ a schematic of SiO 2 substrate and Au electrode combined with gate-bias modulation, ͑b͒ the low magnification FE-SEM image indicating the center with ten arrays of electrodes on SiO 2 substrate ͓inset: optical image of 1 ϫ 1 cm array͔, ͑c͒ High magnification FE-SEM image of the individual NCs-SWCNT electrode corresponding to the white circle in ͑b͒ while a low magnification image is shown in the inset, which will be used for photocurrent measurement, and ͑d͒ those corresponding to the black circle in ͑b͒. PL energy of 613 nm ͑2.02 eV͒, which corresponds to the CdSe diameter of 3.2 nm. The calculated exciton binding energy was 78 meV. This yields the band edge energy of 602 nm, which is close to the observed peak position of 605 nm in the absorption spectroscopy. Figure 4͑a͒ shows the photocurrent as a function of wavelength of the incident light. In this case, no source-drain bias was applied. No particular spectral response and a negligible current were shown from the pure SWCNT-FET. Thus, the expected photocurrent that is contributed from van Hove singularity-related absorption peaks of SWCNTs was not observed in this case, unlike the previous report at low temperature. 20, 21 This may be ascribed to large thermal fluctuation at room temperature measurement and high noise level of our apparatus. On the other hand, a clear spectral response was observed from the CdSe NC-decorated SWCNT-FET with peaks near 604.7 and 615.4 nm. These peak positions are in excellent agreement with band edge absorption peak and exciton-related PL. The electrons that are excited by the edge absorption and excitonic bands are transferred to SWCNT channel to contribute as the photocurrent. This interpretation was similar to the previous report on the photoluminescence quenching in CdSe/SWCNT complex. 22 Figure 4͑b͒ shows the on/off response of incident light at a given laser energy of 514 nm as a function of time. A dark current of 0.08 pA in average at off state and light-on current of 2 pA at on state were clearly repeatable for several hundreds times without any appreciable change. As the majority charge carriers are electrons donated from nanoparticles, the current flows from source to drain in the symmetric device, as described Fig. 1͑a͒ . A more systematic study of the photocurrent on the dependence of different NC sizes and gate bias is required to utilize this concept for future photodetectors and solar cell applications.
In summary, we have demonstrated a decoration of CdSe NCs on CNT surface. The decoration of CdSe NCs on CNTs was achieved by a chemical treatment of the NCs, silicon oxide substrate, and Au electrodes combined with gate-bias modulation. The CdSe NCs on SWCNTs demonstrated a clear spectral response and photocurrent response related specifically to the CdSe NCs. This opens future opportunities for applications in highly sensitive photodetectors and solar cells. 
